The cyclic potentiodynamic polarization behavior of duplex stainless steel (DSS) and lean duplexstainless steel (LDSS) was studied in white and green liquors froma pulp processingplant. The corrosion behavior in industrial and also synthetic liquor was compared. The polarization curves of the duplex steels in synthetic white liquor were shifted to lower potentials and higher current densities in relation to the steel in industrial white liquor, which proved to be less aggressive to the duplex steel. The duplex steels also showed the highest values of transpassive potential in industrial white liquor compared to synthetic liquor. Cold and hot rolled duplex and lean duplex steels in green liquor showed the lowest values of transpassive potential.
Introduction
Chemical pulps are made by cooking (digesting) the raw materials, using the Kraft process (sulfate) and sulfite processes. The Kraft process is the most dominating chemical pulping process worldwide. In the Kraft pulp process, the active cooking chemicals (white liquor) are mainly sodium hydroxide (NaOH) and sodium sulfide (Na 2 S) 1, 2 , the operation is at high temperature (about 170 ºC) and the pressure of 6.5 to 8.5 bar is used in delignification during the chip cooking cycle [3] [4] [5] . The chemical recovery cycle is generated the subproduct, extracted from pulping wood in the digester, called the black liquor, with smaller amounts of wood extractives and residual inorganic pulping salt 6, 7 . The combustion of the strong black liquor converts the recovered inorganic chemicals to smelt which is dissolved in water to give the green liquor, which are mainly sodium carbonate (Na 2 CO 3 ), and sodium sulfide (Na 2 S) generated during the liquor recovery cycle. The green liquor is causticized to regenerate the white liquor [8] [9] [10] [11] [12] [13] . The scheme of the main operation of the chemical recovery cycle is shown in Figure 1 . Moreover, the white liquor is considered the most aggressive of the alkaline pulping liquors 14 . Duplex stainless steel (DSS) has been used as a material of construction in the pulp and paper industry for the past 35 years due to its excellent corrosion resistance and high mechanical strength allowing for thickness reduction in equipment. Lean DSS (LDSS) is a DSS with a lower content of molybdenum and nickel and thus a lower cost. Nitrogen addition is used in LDSS to provide the austenite content in alloys with a lower nickel concentration [15] [16] [17] . Currently, the materials commonly selected for the construction of pulp digesters are lean duplex (UNS S32304) or standard duplex (UNS S32205). Older facilities were constructed from AISI 316 austenitic stainless steel coupled to an anodic protection system [18] [19] [20] [21] [22] . DSSs combine low nickel content with high mechanical strength, which makes them an efficient and cost alternative to austenitic stainless steel grades.
In the pulp and paper industry, carbon steel pulp mill equipment, like digesters, storage vessels, have been showed general corrosion and stress corrosion cracking 14, [23] [24] [25] . Singh and Anaya evaluated the corrosion behavior of carbon steel (A 516-Gr 70), AISI 304 and 316 stainless steels, and two DSSs (UNS S32304, UNS S32205) in black liquor produced by pulping five wood species in a synthetic liquor. The potentiodynamic polarization tests were performed at room temperature, with and without the addition of catechols. The organic compounds in the black liquor were found to play a major role in steel corrosion, and the DSSs showed a high corrosion resistance in all tested black liquors 22 . Corrosion resistance of DSS in white liquor has been widely studied 14, [21] [22] [23] . The corrosion properties and electrochemical behavior of different DSSs (UNS S32304, UNS S32205, and UNS S32101) in high pH caustic and alkaline sulfide solutions at different temperatures were investigated by Bhattacharya and Singh 14 . They studied the role of alloying elements in DSS in these environments by analyzing the polarization behavior of pure Fe, Cr, Ni and Mo, and DSS UNS S32205. The increase in corrosion rates of DSS with sulfide addition can be related to the presence of sulfur in the passive layer and the formation of metal-sulfur compounds thatare less protective than the oxide film 14 . The S32205 steel was found to be most susceptible to general corrosion and the S32304 steel had the lowest corrosion rates in a sulfide caustic environment. A more stable passive film containing magnetite and awaruite (FeNi 3 ) developed on UNS S32304 steel, resulting in lower corrosion rates 14 . Wensley and Champagne 26 evaluated the effect of sulfide concentration on the corrosion resistance of carbon steel specimens with different silicon contents (low-silicon A285-Grade C and medium-silicon A516-Grade 70), austenitic stainless steel (ASI04) and two DSS (UNS S32304 and UNS S32205) in white, green, weak black, strong black, and flash tank liquors. All of the stainless steels (UNS S30403, UNS S32304, and UNS S32205) were highly resistant to corrosion in all the liquors tested, regardless of sulfide content 23, 26, 27 . The aim of this work is to evaluate the corrosion behavior of DSS with two processing conditions, hot and cold rolling in liquors provided by a pulp and paper industry. Also, the corrosion resistance of DSS and LDSS in synthetic and industrial white liquor (WL) is compared. To the best of our knowledge, literature on corrosion behavior of LDSS and DSS in industrial liquors from pulp and paper industry is not reported and the mechanisms involved are not fully understood.
Materials and Methods
The duplex stainless steels were supplied by Aperam South America (Brazil) in hot rolled and cold rolled conditions and the chemical compositions of the steels are shown in Table 1 . The DSS studied is 31803 with 5%wt. Ni and 2.6%wt. Mo and the LDSS is 32304 with a lower content of Ni (4%wt.) and Mo (0.3%wt.). The steels were examined as-received: hot rolled coils annealed at 1075 ± 25ºC with a thickness of 4 mm, and cold rolled coils annealed at 1070 ± 25 ºC, with a thickness of 1.8 mm. Table 2 shows the mechanical properties of the cold rolled and hot rolled steels provided by the manufacturer The metallographic analysis was performedafter etching the steel samples in modified Behara reagent [80 mL distilled and deionized water, 20 mL hydrochloric acid (HCl), and 1 g of potassium metabisulfite (K 2 S 2 O 5 )]; 2 g of ammonium bifluoride (NH 4 H HF) were added to this stock solution just before the etching 29 . The microstructure analyses were carried out using an optical light microscope (LOM, Leitz Metalloplan) with Image Pro software.
The steel sheets were cut in dimensions of 1 cm x 1 cm with the exposed surface being the rolling surface. The samples were embedded in epoxy resin and electrical connections necessary for the tests were made by welding a copper wire tothe back of the sample, which was not in contact with the electrolyte. The samples were wet ground to 1200 grit SiC abrasive papers, and then polished using 3 µm, 1 µm, and 0.25 µm diamond paste, and ultrasonically cleaned in ethanol. In order to avoid crevices, the samples were masked with black wax (Apiezon Wax W) 30 at least 12 h before testing and were stored in a desiccator. The black wax was dissolved in trichloroethylene to assist application.
The white and green liquors were supplied by a North American pulp and paper company. The WL contained sodium hydroxide (NaOH) and sodium sulfide (Na 2 S) at pH > 13, the green liquor (GL) aqueous solution contained sodium carbonate (Na 2 CO 3 ) and sodium sulfide (Na 2 S) at pH >10. The electrochemical tests were also performed in synthetic white liquor (SWL) composed of 150 g/L of NaOH and 153.8 g/L of Na 2 S.9H 2 O (3.75 mol/L NaOH + 0.64 mol/L Na 2 S) 14, 31 . All sodium components were considered on the basis of the equivalent amount of sodium oxide (Na 2 O). The definitions used were based on the Technical Association of Pulp and Paper industries (TAPPI). The effective alkali (EA) is: NaOH +1/2 Na 2 S, expressed as Na 2 O; the total alkali is NaOH + Na 2 S + Na 2 CO 3 + 1/2 Na 2 CO 3 , all expressed as Na 2 O 22 . The sulphide-containing caustic solutions used were: WL consisting of 88 g/L EA as Na 2 O and GL consisting of 117g/L total titratable alkali (TTA) as Na 2 O. The GL and WL were originated by pulping of pine mix and hardwood mix.
A Reference 600 Gamry potentiostat was used for the electrochemical tests. The polarization curves were collected by scanning to the anodic direction at 0.167 mV/s from the corrosion potential (E corr ). Transpassivity was observed in all cases, and the scan was reversed when the current reached 3 mA/cm 2 . All the electrochemical measurements were repeated at least three times to ensure the reproducibility.
Potentiostatic polarization was performed in GL to evaluate the efficiency of the protective layer. Three potential values were chosen for the potentiostatic tests: -500 mV SCE at the first passivation (around 10 -6 A/cm 2 ), -150 mV SCE at the second passivation (around 10 -5 A/cm 2 ), and 0 mV SCE in the transpassive region.
Results and Discussion

Steel characterization
The microstructure of the two steels, DSS and LDSS are shown in Figure 2 . Lighter austenite (γ) islands are embedded in the darkeretched ferrite (α) matrix with no other secondary precipitates 32, 33 . The cold rolled condition of the steels showed higher yield strength, a higher tensile strength, and a lower elongation than the hot rolled condition of the steels, even though the steels were annealed at 1070 ± 25ºC after rolling. Table 3 shows the contents of austenite and ferrite obtained using Image Pro Software.
Cyclic polarization of DSS S31803 and S32304 steels in synthetic and in industrial white liquor
Studies of steel corrosion in SWL have been extensively reported in the literature 12, 14, [34] [35] , but reports of corrosion resistance of duplex steels in industrial liquors of pulp and mill industry are not available.
The cyclic polarization curves of the S31803 duplex steel and the S32304 lean duplex steel were similar in industrial WL at room temperature as shown in Figure 3 . Polarization curves started at open circuit potentials in the range from -500 mV SCE to -300 mV SCE. The current density increased slightly with potential until about -100 mV SCE , was almost constant until about +100 mV SCE and then increased slightly again at higher potentials. A slight but reproducible hysteresis was observed during the reverse scan for all samples. This electrochemical test was not able to distinguish differences in corrosion behavior of DSS and LDSS or any effect of the two processing conditions. Figure 4 shows polarization curves of S31803 steel in synthetic and industrial WL. The corrosion potential of cold rolled S31803 DSS in SWL was -1.137 ± 0.005 V SCE and in the real industrial WL it was -0.459 ± 0.014 V SCE . Much higher values of current density were observed in the synthetic liquor. The differences in behavior indicate that testing of steels in synthetic liquor may predict a shorter life of the Figure 2 . Microstructure of lean duplex and duplex stainless steels. material than what would be achieved in service. The industrial WL is a final product from the causticizing system and it has more chemical compounds than the synthetic solution.
Industrial liquors are very different from synthetic liquors, being that in the industrial process, the causticizing reactions to the formation of sodium hydroxide are reversible, which causes a variable amount of sodium carbonate to remain in the liquor. In addition, the pulp production process is cyclic, with accumulations of elements in smaller quantities coming from wood, water, and compounds present with lime. In the industrial process, it is not necessary to determine the exact chemical composition of the liquor, but rather to define an operation parameter, which is the total alkali 13, 36 . The WL was regenerated in the process, as the green liquor was made caustic to produce WL, which has a complex chemical composition 27 . These extra components seem to inhibit the corrosion of DSS.
The S31803 DSS in SWLshowed two regions of almost constant current density. In contrast, in industrial WL, only one passivation region was obtained. A similar kind of behavior has been reported by Bhattacharya and Singh 14 for S32205 DSS in SWL. They suggested that the current density increased in the beginning due to the dissolution of iron, and then the primary passivation was formed by the formation of nickel sulfide (Ni 2 S), with Ni and Cr also contributing to the first passivation layer 14 . The current density above the primary passivation increased due to oxidation of sulfur species corresponding to the S 2-/SO 4 2-oxidation reaction, and to the dissolution of Cr in the form of CrO 4 2-ions. A region of constant current density of 10 -3 A/cm 2 was observed. Finally, the current density increased due to the oxygen evolution reaction 22 . It is reasonable to assume that this explanation is also valid for the results obtained in this study.
The corrosion potential of DSS in industrial WL at 60 ºC was less noble than the value at room temperature (RT) as shown in Figure 5 , which presents the cyclic potentiodynamic polarization curves of cold and hot rolled S31803 DSS at the two temperatures. The passive current density was higher at 60 ºC (10 -5 A/cm 2 ) than at RT (10 -6 A/cm 2 ), indicating a less protective passive film in sulfide-containing caustic solution at the higher temperature. At about -150 mV SCE for each alloy at 60 ºC, the current density increased above 10 -5 A/cm 2 . Temperature plays an important role in corrosion of duplex steels in WL and causes an increase of current densities and a decrease of open circuit potential.
Cyclic polarization of S31803, S32304 DSS in green liquor
The polarization curves of the DSSs tested in GL containing sodium carbonate and sodium sulfide at pH > 10 indicate a similar behavior for the lean and duplex stainless steels as shown in Figure 6 . Two passivation regions were identified with the first one exhibiting a range of current densities between 10 -6 to 10 -5 A/cm 2 . The duplex and lean stainless steels showed positive hysteresis in the reverse scans indicating a possibility of localized corrosion. SEM and EDS analyses identified inclusions enriched in aluminum, magnesium, oxygen, manganese and sulfur on the surface of steels. It has been reported that MgO, Al 2 O 3 and MnS inclusions on the surface of S32750 super duplex steel are the preferred sites for pit initiation 31 . In this case, pits were not observed on the surface steels but these inclusions are cathodic regions and the steel near inclusions can act as anodes (Figure 7 ). Figure 6 shows repassivation occurring at a lower potential. Corrosion behavior of the standard duplex S31803 steel and lean duplex steel was similar in GL.
The behavior of platinum was compared with the DSS in these electrolytes as shown in Figure 6 . The current densities associated with platinum are higher than the current densities exhibited by DSS, indicating that platinum surface acts as a catalyst for the redox reactions. On the other hand, the results of the DSSs were completely different from that of the platinum, and a corrosive process occurred on the surface of DSS as shown in Figure 6 . Potentiostatic polarization was performed to evaluate the behavior of the current density with time and thus the efficiency of the protective layer in GL. Three regions were chosen for the potentiostatic tests: -500 mV SCE at the first passivation (around 10 -6 A/cm 2 ), -150 mV SCE at second passivation (around 10 -5 A/cm 2 ), and 0 mV SCE in the transpassive region.
The potential of -0.5 V SCE was chosen to investigate the first passivation region showed in Figure 6 . At the applied potential of -0.5 V SCE , the current density remained constant and low with time for the steels in the cold-rolled condition and showed a slight increasing trend for the steels in the hot-rolled condition as shown in Figure 8 . The cold rolled steels showed the lowest current density in green liquor. The hot rolled S31803 steel showed the highest current density in green liquor, using the potentiostatic test. The cold and hot rolled steels were annealed at 1070 ºC and 1075 ºC, respectively. In the cold rolled steel, the microstructure is finer as shown in Figure 9 . The hot-rolled S31803 steel showed a passivation current density one order of magnitude higher (10 -5 A/cm 2 ) than the current of the cold rolled S31803, and cold and hot rolled S32304 steels (10 -6 A/cm 2 ). The hotrolled S31803 steel exhibited a less protective layer than the other DSSs in GL.
In order to reveal the grain boundaries in austenite and ferrite in DSS, electrolytic etching was used with 60% HNO 3 solution at an etching potential of 2.2 V for 3 minutes. The cold rolled steels exhibited finer grains than the hot rolled steels ( Figure 9 ). This finding can explain a higher tensile strength of the cold rolled steels than the hot rolled steels as shown in Table 2 . Grain boundaries are barriers to the movement of dislocations and steels with finest grains have a higher density of grain boundaries that inhibits the dislocation movement and contributes to enhance the tensile strength of steel. The result obtained that the hot-rolled S31803 steel exhibited a less protective layer than the other DSSs in GL can also be explained by the lower density of grain boundaries in hot rolled S31803 steel than the steel in cold rolled condition. Finer grains contribute to improve the protective ability of the passive layer of stainless steels 37 . Cyclic polarization curves (Figure6) showed a possible second passivation region at current density of 10 -4 A/cm 2 . At the applied potential of -150 mV SCE , the current density remained almost constant for the hot-rolled S31803 and the cold-rolled S32304 steels (Figure 10 ). The second passivation layer of hot-rolled S32304 and cold-rolled S31803 was less protective than the layer of the hot-rolled S31803 and cold rolled S32304. As is evident in Figure 11 , the current density increased with time when the potential of 0 mV SCE was applied for all steels studied, which indicates that a corrosive process occurs at a current density on the order of 10 -3 A/cm 2 . Temperature plays an important role for steel corrosion in WL by decreasing the transpassive potential as temperature increases (Figure 12 ). The WL was the less aggressive liquor for the duplex steels, which showed the highest values of transpassive potential in this medium.
In addition, cold and hot rolled duplex and lean duplex steels in green liquor showed the lowest values of transpassive potential.
Considering the passivation current density as a parameter to evaluate the corrosion behavior of steels, the GL was the most aggressive medium. It is well known that WL is more aggressive liquor due to the alkalinity 14, 38 . But, in this work, the sulfide precipitation ( Figure 13 ) plays the main role in the corrosive process, increasing corrosion, and decreasing the transpassive potential. As shown in Figure 14 , the precipitate was not corrosion product of the steel due to the absence of Fe, Cr, and Ni in its chemical composition. Sodium, sulfur, and oxygen were found in the chemical composition of the precipitate, which is probably a sulfide 
Conclusions
The polarization curves of the S31803 steels in SWL were shifted to lower potentials and higher current densities in relation to the steel in industrial WL, which proved to be less aggressive to the duplex steel.
The average of transpassive potential showed that temperature plays an important role for DSS corrosion in WL decreasing the E Transpassive as temperature increases.
WL was the less aggressive liquor for the duplex steels, which showed the highest values of transpassive potential in this medium.
Cold and hot rolled duplex and lean duplex steels in green liquor showed the lowest values of transpassive potential.
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